Ischemia and systemic infection are implicated in the etiology of periventricular white matter injury, a major cause of adverse motor and cognitive outcome in preterm infants. Cytokines are signaling proteins that can be produced as part of the inflammatory response to both ischemia and infection. The aim of this study was to relate cerebrospinal fluid (CSF) concentrations of IL-6, IL-8, IL-10, tumor necrosis factor alpha (TNF-␣), and interferon gamma (IFN-␥) to magnetic resonance-defined white matter injury in preterm infants. Relationships between CSF and plasma cytokine concentrations were also examined. Preterm infants (Յ32 wk) and more mature infants from The Royal Women's Hospital, Melbourne, Australia, and Christchurch Women's Hospital, Christchurch, New Zealand, were eligible for study if they required a clinically indicated lumbar puncture. Plasma samples were obtained in a subgroup of Christchurch infants. Preterm infants underwent advanced quantitative volumetric magnetic resonance imaging using a 1.5-Tesla scanner at term equivalent. One hundred forty-six infants were enrolled and 190 CSF and 42 plasma samples obtained. There was no significant correlation between paired CSF and plasma concentrations for any cytokine. In comparing plasma and CSF concentrations, levels of IL-8 were significantly higher in CSF than plasma. Preterm infants with MRI-defined cerebral white matter injury had higher levels of IL-6, IL-10, and TNF-␣ in the CSF than infants without such injury. Plasma cytokine concentrations may not reflect CSF cytokine levels or inflammatory events within the brain. Elevated CSF levels of cytokines in infants with white matter injury suggest an altered inflammatory balance. White matter injury (WMI) is a major neuropathology in preterm infants associated with adverse motor and cognitive outcome. The introduction of MR imaging has led to an increased recognition of the more common diffuse noncystic WMI in preterm infants (1) (2) (3) (4) (5) (6) . The etiology of periventricular WMI is not yet clear, but both ischemia and/or systemic infection/inflammation appear to be important pathogenic pathways (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
Cytokines are signaling proteins that are produced as part of the inflammatory response associated with ischemia and infection. In experimental animal models of ischemic perinatal cerebral injury, increased pro-inflammatory cytokines such as IL-6, IL-8, and TNF-␣ have been observed in the brain 0 -24 h after insult (17, 18) . In addition, several animal studies have demonstrated periventricular WMI in association with maternal intrauterine infection or endotoxin injection (19 -23) . In the human preterm infant, raised concentrations of the proinflammatory cytokines IL-1␤, IL-6, IL-18, and TNF-␣ in blood or amniotic fluid have been associated with abnormal cranial ultrasound appearances consistent with PVL and later impairment in neurodevelopmental outcome (24 -29 The images were assessed using a standardized scoring sheet (2) . This scoring classified the presence of WMI as either 1) severe cerebral WMI consisting of cystic white matter injury and ventriculomegaly, consistent with diffuse loss of white matter volume; 2) moderate cerebral WMI with signal abnormality in periventricular WM and ventriculomegaly, but no cysts; 3) mild cerebral WMI with focal white matter signal abnormality but no cysts or definite ventriculomegaly; or 4) normal. The presence of any severity of WMI (mild, moderate, or severe) was classified as WMI for the analysis of the relationship of cytokines to WMI.
Data analysis. Data analysis was undertaken with SigmaStat and Sigmaplot (Jandel Scientific, Costa Madre, CA). Comparisons were made by KruskalWallis or ANOVA on rank and as appropriate followed by the Mann-Whitney U test. The cytokine levels in paired CSF and plasma samples were compared by the Wilcoxon signed rank test, and the relationship between these samples was confirmed with analysis by Spearman rank order.
RESULTS
There were 146 infants enrolled with a total of 190 CSF samples collected for cytokine analysis. Thirty four infants were excluded due to evidence of infection in the CSF with Ͼ5 WBC per 500 RBC, positive culture, or positive Gram's stain. The CSF samples from six infants (n ϭ 7 samples) were excluded because the infants did not undergo an MRI scan. Of the remaining 106 infants (111 CSF samples) that were eligible for analysis, 36 infants (34%) were very preterm (Ͻ32 wk gestational age) and 70 infants (65%) were Ͼ32 wk GA. Their characteristics are shown in Table 1 . Of the very preterm infants, 21 (66%) had evidence of cerebral WMI: 8 cystic, 5 white matter signal abnormality, and 8 severe ventriculomegaly. Of the infants Ͼ32 wk, only 15 infants underwent MR imaging with no WMI detected in any infant.
CSF results. Gestational age and birth weight were not significantly difference between the preterm infants with and without WMI (Table 1) . However, it is important to note that the CSF samples obtained from the preterm infants with WMI were collected at a significantly later time after birth than the preterm infants without WMI. Figure 1 shows the relationship between the CSF cytokine levels and the day of sampling for all infants. On regression analysis of the data for the Ͼ32 wk infants (the only group for which there was a sufficient spread of samples), there were no significant relationships between time of sample and the concentration of any cytokine. This suggests differences in the time of sampling may not be a major confounder in comparing the infant groups.
Premature infants with evidence of cerebral WMI on MRI at term equivalent had significantly elevated levels of IL-6, IL-10, Fig. 2 ). Although no significant difference in the level of IFN-␥ was detected, it is noteworthy that only 2 of the 40 CSF samples had concentrations above the detection limit (Table 2) . There was no significant difference in the CSF levels of IL-6, IL-8, TNF-␣, and IFN-␥ between the very preterm infants without WMI and the Ͼ32 wk GA group. However, CSF IL-10 levels were significantly higher in the more mature infants (p ϭ 0.008, Table 2 ).
Relationships between cytokine concentrations in CSF and plasma. Of the 111 CSF samples collected, 42 (38%) had paired plasma samples. Of these, 13 were from preterm infants Ͻ32 wk gestation and included two additional samples from infants who did not have an MRI scan. The median day of sampling was 3 d, interquartile range (IQR) d 1-6.
With all preterm and term infants included, IL-10 and TNF-␣ concentrations were significantly higher in plasma than CSF (Table 3 ). There was no difference between plasma and CSF levels of IL-6. In contrast, IL-8 concentrations were significantly higher in CSF. There were no significant correlation between CSF and plasma concentration for any of the cytokines, although trends toward a correlation were strongest for IL-6 and TNF-␣.
In the infants Յ32 wk gestation (n ϭ 13), IL-8 concentrations remained significantly higher in CSF than plasma (medians 131.3 and 13.9 pg/mL respectively, p ϭ 0.003). For IL-10 (p ϭ 0.718) and TNF-␣ (p ϭ 0.268) there was no longer a difference between plasma and CSF, but CSF concentrations of IL-6 (median 0) were significantly lower than in plasma (15.3 pg/mL, p ϭ 0.022, paired t test Wilcoxon signed rank). No significant correlations were seen between CSF and plasma 
DISCUSSION
In this cohort study we have demonstrated a lack of any correlation between paired CSF and plasma concentrations for any of the cytokines that we examined. This may indicate a significant limitation of plasma samples in reflecting the cerebral inflammatory response. Additionally, there was variation in whether plasma or CSF was the site of the highest cytokine level for each cytokine. For all infant groups, IL-10 and TNF-␣ were higher in plasma than CSF samples, contrasting with the concentrations of IL-8 that were significantly higher in the CSF, including in the subgroup of Ͻ32 wk gestation infants. These findings have implications regarding the potential origin of an inflammatory response within the CNS and suggests that some components, at least, may be localized within the CSF rather than resulting from the dissemination of cytokines via the blood stream. There was a notable difference between IL-6 and IL-8 with IL-6 being often undetectable in the matched blood-CSF in our samples. There may be variability in the timing as well as the tissue localization rendering variation between blood and CSF levels. This would require more serial sampling of both CSF and blood cytokine levels for clarification. Finally, we have demonstrated higher CSF concentrations of IL-6, IL-10, and TNF-␣ in preterm infants subsequently shown to have cerebral WMI by MR scanning at term equivalent, compared with those without WMI. These changes may reflect an altered inflammatory response within the CNS in preterm infants who develop cerebral WMI. In contrast, in comparing the preterm infants without WMI and infants of Ͼ32 wk gestation the only difference in the concentration of CSF cytokines was in the level of IL-10, which was higher in the CSF of more mature infants.
There are a number of limitations to our study. Firstly, the preterm infants with cerebral WMI had their samples taken significantly later than the preterm infants without cerebral WMI and the Ͼ32 wk GA infants. This raises the possibility that an increase in cytokine levels with age could explain their higher values. However, no relationship was seen between day of sampling and concentrations of any of the cytokines in the Ͼ32 wk gestation group, making this explanation unlikely. Secondly, very few infants had more than one CSF sample, meaning that we were not able to define the evolution or pattern of the inflammatory response over time. And lastly, because the number of infants with WMI was small we were unable to determine whether the inflammatory response differed according to the severity of that injury.
A previously published study examining the cytokine response in CSF after birth asphyxia demonstrated that the pro-inflammatory cytokines IL-6 and IL-8 were increased in the CSF of asphyxiated infants, but the levels of IL1-␤ and IL-10 were not (31) . The authors concluded that the inflammatory system played a pivotal role in the pathogenesis of cerebral injury after hypoxia-ischemia. IL-6 and TNF-␣ have also been directly demonstrated on neuropathology within the cerebral lesions of PVL in human infants (25, 32) . Our study is the first to have analyzed CSF cytokine levels in relation to MR-defined cerebral WMI and our results are further direct evidence for the association of an inflammatory process in the CNS and subsequent injury.
A role for infection/inflammation in the pathogenesis of PVL and cerebral palsy (CP) in premature infants has been suggested from studies showing increased rates of PVL and/or CP in association with maternal/placental/fetal infection (7, 13, 33) , with elevated levels of IL-6 and IL-1␤ in amniotic fluid (25) and with elevated levels of IL-6 in cord blood (24) . Nelson et al. (34) recently examined the relationship of blood cytokine concentrations from archived neonatal blood spots to the development of cerebral palsy in a cohort of infants who were born before 32 wk gestational age. This study found that premature infants with ultrasound abnormalities averaged higher blood cytokine levels, in contrast with most surviving preterm infants who demonstrated low blood levels of inflammatory cytokines during the first days of life. In comparison to the current study, these samples were taken at a mean age (SD) of 2.4 (3.8) d for the cerebral palsy group and 2.4 (3.5) d for the control infants. The secondary aim of our study may assist in the understanding of a potential source of any conflicting results with regard to cerebral injury in relation to blood cytokine measurements in the preterm infant as we document a very poor correlation between blood and CSF cytokines in preterm infants. In our study, CSF cytokines were significantly elevated in preterm infants with WMI, but CSF levels did not correlate well with blood levels. IL-10 is an anti-inflammatory cytokine produced by CD4 ϩ T cells/B cells, monocytes, and, in utero, the placenta. Functionally, it down-regulates the pro-inflammatory cascade through inhibition of the production of pro-inflammatory mediators by macrophages (35) (36) (37) (38) . Our study shows an elevation of this anti-inflammatory cytokine in the CSF of premature infants with WMI. In contrast to our findings, data from the lungs of preterm infants with chronic lung disease have demonstrated more severe lung injury is associated with absent or irregular secretion of this down-regulatory cytokine in tracheobronchial aspirate fluid (39) . However, others have reported that very preterm infants (40) and preterm baboons (41) are capable of producing IL-10 in bronchoalveolar fluids in response to injury. The elevation in IL-10 in the preterm infant with WMI is more consistent with these latter studies. What the role of IL-10 is in the development or prevention of injury remains to be determined.
In conclusion, this is the first study to examine the relationship of CSF to blood cytokine levels as well as the relationship of CSF cytokine levels to MRI-defined cerebral WMI. These preliminary data suggest that cerebral WMI in the preterm infant may be associated with an altered balance of inflammation within the CNS and that this inflammatory response involving cytokine activation may be localized within the CSF and not part of a more widespread systemic response.
